ABSTRACT Ten male volunteers were exposed to ethylene glycol monoethyl ether (EGEE) under various conditions of exposure concentration and physical workload. Steady state levels of retention, atmospheric clearance, and rate of uptake were reached immediately after the start of the exposure period for all experimental conditions. Retention was high (64% in resting condition) and increased as physical exercise was performed during exposure. Atmospheric clearance increased as the pulmonary ventilation rate increased. The rate of uptake was higher as exposure concentration or pulmonary ventilation rate, or both, increased. Individual uptake appeared to be governed mainly by transport mechanisms (pulmonary ventilation or cardiac output or both) and not by anthropometric factors. Respiratory elimination of unchanged EGEE accounted for < 0 4% of the total body uptake. Postexposure breath concentrations declined rapidly during the first minutes after cessation of exposure, after which a much slower decrease was observed. This slow decrease could be described by a regression equation containing two exponential terms indicating that at least two pharmacological compartments are concerned.
In recent years much evidence has become available on the toxicity of ethylene glycol ethers and this has been recently reviewed.12 By contrast, data on the toxicokinetics and disposition of glycol ethers are scant. When beagle dogs were exposed to ethylene glycol monoethyl ether acetate (EGEEAc), approximately 70% of the inhaled vapour was retained at equilibrium (ca 3 h). Postexposure breath concentrations declined rapidly indicating a rapid removal of the component from the blood.3 When rats were orally dosed with "4C-labelled ethylene glycol monomethyl ether (EGME), 50-70% of the radiolabel was excreted in the urine within 48 hours, mostly in the form of methoxyacetic acid,4" whereas 15% of the radioactivity was identified as the parent compound.5
Analogously, when rats were exposed to the ethylether (EGEE), the major urinary metabolite was ethoxyacetic acid and its glycine conjugate.6
Depending on the position of the radiolabel, different amounts of "4C were recovered in expired air as '4CO2: when the label was in the ethanol part of the molecule, 5% appeared as exhaled '4CO2 in the first 10 hours, whereas 12-14% were recovered as "4C02 when the label appeared in the ether group.
Only minor fractions in the expired air (04-3%) were identified as the parent compound and there was no indication for the presence of volatile metabolites other than C02.4-6
Accepted 13 January 1986 To date, all pharmacological experiments have been performed on animals and the present study was set up to investigate the respiratory uptake and elimination of EGEE in man under controlled experimental conditions of exposure concentration and physical workload.
Subjects and methods

SUBJECTS
Ten healthy male volunteers (aged 19-28) took part in the study after full information and a written consent. They were randomly assigned into two groups (table  1) . Both groups were comparable for age (F= 1-2; NS), weight (F = 0.7; NS), and height (F = 1X6; NS).
Body fat content, calculated from the measurement of the skinfold thickness at four different sites (biceps, triceps, subscapula, and suprailiaca)7 also did not differ between the groups (F = 2.0; NS).
All the subjects had normal lung function (FEV1, VC, TLC). Before and after the study, blood samples Respiratory uptake and elimination of ethylene glycol monoethyl ether were taken for haematological screening tests (blood cell count, haematocrit, haemoglobin) and liver screening tests (LDH, GOT, GPT, y-GT). In no case were significant disorders found.
EXPERIMENTAL CONDITIONS
A set of five different experiments was designed with varying exposure concentrations or workload (fig 1) . The exposure period in each experiment was standardised to four hours, the equivalent of half a workshift. At the end of each hour during exposure a short break of 10 minutes was inserted. All subjects took part in three experiments according to their group assignment: group 1 performed experiments I to III, group 2 participated in experiments III to V. Between experiments each subject remained unexposed, usually for two or three weeks (minimum: one week).
The exposure concentrations were 10 mg/m3, 20 mg/m3, and 40 mg/m3 respectively and were held constant during the whole exposure period. The concentrations chosen were near the present day threshold limit value of EGEE (19 mg/M3).8
The experiments at rest were held with the exposed subject sitting in an arm chair, whereas the standard physical exercises in experiments IV and V were per- formed on a bicycle ergometer (Mynhardt, type KEM2) at a constant pedal frequency (50/min).
APPARATUS
The desired solvent concentrations in the air were obtained from a syringe injection generation system as described by Veulemans and Masschelein.9 Expired air was taken to an Oxycon-analyser (Mynhardt) for the continuous monitoring of the pulmonary ventilation rate (4E-BTPS) and oxygen consumption (402-STPD).
During and after the exposure period, the ECG was continuously recorded on a Simpliscriptor EK 100 (Hellige). Heart rate (beats/min) was calculated on the basis of 10 R-R intervals.
MEASUREMENT OF EGEE IN AIR
In both inhaled (Co) and mixed expired air (CE) EGEE was determined by gas chromatography. Air samples were taken by pumping the air into glass tubes containing 150 mg silica gel in the sampling section-(SKC Inc, Palo Alto, CA, USA). The silica gel was desorbed with 1 ml methanol containing 50 mg/l ethylene glycol monobutyl ether as an internal standard. The desorption efficiency for EGEE was 88 + 6% (n = 15).
Gas chromatographic analysis was performed after the injection of 1-5 jl of the methanolic solution on a CP-WAX 57 CB, WCOT fused silica column (25 m x 0-33 mm ID; 0-22 j1m film thickness). Oven temperature was kept at 30°C for 30 seconds and programmed to 90°C at a rate of 40°C/min. This temperature was held for three minutes. Thereafter, the oven temperature was programmed to 120°C at a rate of 10°C/min. The gas chromatograph was equipped with a flame ionisation detector and a C02-cryosystem; the flow rate of the He-carrier gas was 1 ml/min.
TIMING OF THE MEASUREMENTS
The exposure concentration of EGEE was calibrated before each experiment and checked every hour. Samples of mixed expired air were taken and analysed every 10 minutes during exposure and with a decreasing frequency after the exposure period. During exposure, air samples of 31 were taken; after the exposure period, sample volumes were 7-5 1 during the first two hours and 151 during the last two hours.
Pulmonary ventilation rate (4E-1/min) and oxygen consumption (402-l/min) were recorded immediately before sampling. Heart rate (HR -min-') and respiratory frequency (f -min ')were determined during sampling.
CALCULATIONS
The absorbed fraction of EGEE was calculated as: 545 546 Retention (RE) = (CI-CE)/CI [1] where: C, = inhaled and CE = exhaled concentration (in mg/m3 Table 2 Respiratory function, retention, atmospheric clearance, and rate of uptake for different experimental conditions. p<O-OOI p<O-OI p<O-OS Respiratory uptake and elimination of ethylene glycol monoethyl ether the pulmonary ventilation rate (F = 172-7; p < 0 001) but also to a slight increase in retention (F = 6-9; p < 0 05). The increase of RE, however, was not proportional to the level of exercise since no difference was found between 30W and 60W (F = 1-0; NS). Nevertheless, a linear relation between uptake rate and 'E was found: uptake rate (jg/min) = 14-0 x VE (/min) r = 0-91; p < 0-001
Factors influencing the individual uptake Single regression analysis was performed on pooled data to discover which personal factors contributed to the individual uptake.
Retention was significantly related to VE (r = +0-55; p< 00001), '02 (r= +0-58; p <0-001), heart rate (r = +0 55; p < 0-001) and 02-pulse (r = +0-56; p < 0-001), the latter being an index of cardiac output. Atmospheric clearance was also related to these parameters (r = +0 99; p < 0-001 for VE, r = +0-82; p < 0.001 for 'VO2, r = +0-89; p < 0-001 for HR and r = +0-67; p < 0001 for 02-pulse) and to respiratory frequency (r = +0-46; p < 0-001), height (r = -0-24; p < 0-01), and body fat content (r = -0-25; p < 0-01). Uptake rate correlated with VE (r = +0 77; p < 0.001), <°2
(r = +0-63; p < 0-001), heart rate (r = +0 70; p < 0 001), 02-pulse (r = +0 50; p < 0-001), respiratory frequency (r = +0-26; p < 001), height (r = -0 19; p < 0 05) and with inhaled concentration of EGEE (r = +0-48; p < 0-001).
In multiple linear regression analysis, using a step up procedure, only the correlation with 4E, respiratory frequency (f), and CI persisted for rate of uptake and with 4E' f, and 02-pulse for retention and atmospheric clearance. p< 0001 R = 0-98; p < 0-001 Individual respiratory uptake of EGEE is thus governed mainly by pulmonary ventilation, corrected for respiratory frequency, and the concentration of EGEE in the air.
RESPIRATORY ELIMINATION
Respiratory elimination and exposure concentration The postexposure breath concentration of EGEE was measured at regular times for four hours after the exposure period. The time course of respiratory elimination after exposure at rest to different concentration is depicted in fig 3. Exhaled concentrations declined quickly during the first minutes, since the concentration after 7-5 minutes was only 1-5 + 0-6% of the exhaled concentration during exposure. Thereafter a much slower decrease was observed to levels near the detection limit of the method. This slow decrease could best be represented by a regression equation containing at least two exponential terms: CE (ig/Mi3) = 114 e-0117t exposure to 10 mg/m3 CE (g/m3) = 218 e70281 exposure to 20 mg/mi3 CE (jg/m3)=417 e-0149t exposure to 40 mg/m3 + 25 eO0O0065 t after + 36 e 000701 after + 59 e-0,0068 after Postexposure breath concentrations were higher (F = 6-1; p < 0-05) as exposure concentration and consequently uptake increased.
Respiratory elimination and physical exercise Exhaled EGEE concentration after exposure during physical exercise was measured with the subject sitting in an arm chair.
Respiratory elimination after exposure to 20 mg/m3 under physical workload showed a time course similar to that in the resting condition (fig 4) . The fast drop of postexposure breath concentration during the first minutes was followed by a slower Total respiratory elimination The total amount of unchanged EGEE eliminated through the lungs was calculated by integration of the elimination curves (CE/4E versus time). The respiratory elimination of EGEE accounted for < 0-4% of total body uptake (0-2-0.4% for exposure at rest and 0-.1-0-15% for exposures during physical exercise).
Multiple linear regression analysis on the pooled data showed that the total amount of EGEE eliminated was positively correlated with the inspired concentration during exposure and with the body fat content (BFC) and negatively with the O2-pulse during elimination and with the height of the subject: 
